1 The concentration of 5-hydroxytryptamine (5-HT) in rat platelet-free plasma increased significantly 30 min after a single i.p. injection (10 mg kg-') of each of six inhibitors of the high-affinity 5-HT uptake (fluvoxamine, fluoxetine, alaproclate, paroxetine, sertraline and clomipramine). The increases ranged from 226% to 776% of control values. In contrast, imipramine, desipramine and femoxetine had no significant effect. The increase elicited by paroxetine was dependent on the dose (1, 5 and 10 mg kg-') and returned to control values after 4 h. That observed after clomipramine was also transient and paralleled the plasma concentration of the drug (Spearman-rank correlation r = 0.43). 2 In vivo, the rat pulmonary vascular endothelium removed trace amounts (8.8 nmol in a bolus) of intravenously injected ['4C]-5-HT. Paroxetine pretreatment (10 mg kg-', 30 min before-hand) reduced this uptake by 73%. 3 Repeated fluoxetine treatments reduced rat whole blood 5-HT concentration (ca. -60% after daily 2 x 5 mg kg-', i.p. during 14 days). However, plasma (extracellular) 5-HT was not increased. 4 Various repeated treatments with clomipramine (i.p. injections or osmotic minipumps, up to 30 mg kg-' day-'), failed to decrease rat whole blood 5-HT concentrations. Platelet-free plasma 5-HT was also unchanged, even after treatments yielding plasma clomipramine levels 2.7 times higher than those that increased it acutely. 5 These results indicate that the extracellular pool of 5-HT in rat blood (measured in the platelet-free plasma) is physiologically under the control of high-affinity 5-HT uptake systems. The sustained 5-HT uptake inhibition does not result in an increase of 5-HT in platelet-free plasma, suggesting that adaptative mechanisms are triggered. The distinct long-term effects of the two antidepressants clomipramine and fluoxetine on rat whole blood 5-HT suggest a differential in vivo action on the rat 5-HT uptake.
Introduction
Central nervous system (CNS) 5-hydroxytryptaminergic neurotransmission is of key importance for the clinical effects of antidepressant drugs (Shopsin et al., 1975; 1976; Delgado et al., 1990) . However, the study of the actions of antidepressants in human CNS is complicated by the fact that only indirect measures of neurotransmitter function can be used, which are scarce and difficult to interpret (see Murphy et al., 1990 for review). Platelets have been used extensively because of their similarities with 5-hydroxytryptamine (5-HT) nerve terminals, particularly for the presence of amine storage granules and a high-affinity transporter for 5-HT (Stahl, 1985) . However, platelets lack noticeable synthesis and metabolism of 5-HT, so that they provide only a restrictive view of the 5-HT system. In recent years, several laboratories have studied the effects of certain pathologies and pharmacological treatments on the extracellular 5-HT in the blood of psychiatric patients (Sarrias et al., 1987; Cook et al., 1988; Artigas et al., 1989; Rupprecht et al., 1989; Celada et al., 1990 ). This variable is sensitive to rapid and sustained changes of 5-HT synthesis and metabolism (Ortiz et al., 1988; Celada et al., 1990) and therefore may overcome some of the limitations of the measure of 5-HT in platelets. Extracellular 5-HT concentrations in venous human blood (measured in platelet-free plasma) account for less than 1% of total blood 5-HT, the rest being stored in platelets (Ortiz et al., 1988) . bloodstream (high-affinity uptake into platelets and endothelial cells and monoamine oxidase (MAO) deamination) after its release from enterochromaffin cells (Verbeuren, 1989) . In different areas of rat brain, extracellular and tissue 5-HT maintain a similar proportion due to 5-HT reuptake . Extracellular 5-HT in rat brain increases several fold after treatment with different uptake inhibitors (Kalkn et al., 1988; Auerbach et al., 1989; Carboni & Di Chiara, 1989; confirming in vivo that uptake is a basic mechanism of the control of extracellularand therefore, receptor-available-5-HT. Since the 5-HT uptake systems also control the equilibrium between extra-and intracellular 5-HT in blood, the effects of 5-HT uptake inhibitors on extracellular 5-HT can also be studied in vivo outside the CNS. The aim of the present work was to study the effects of several high-affinity 5-HT uptake inhibitors, the working hypothesis being that they should increase the extracellular concentration of 5-HT in rat blood (measured in platelet-free plasma). Also, platelet 5-HT concentration should decrease only after sustained uptake inhibition. The hypothesis was confirmed after acute treatment, repeated treatment yielding unexpected results that are discussed.
Methods

Animal treatment
Male Wistar rats of 250-300 g (Iffa-Credo, Lyon, France) were kept in a controlled environment (220C) with a light/ dark periodicity of 12 h, at least for one week before the experiments. They were housed four per cage with water and food ad libitum.
Acute administration of uptake inhibitors was carried out i.p. to groups of 7-12 animals randomly chosen. In each experiment, a control group was injected with saline and processed along with the treated groups. Usually the acute effects of 2 or 3 different treatments were examined during the same experiment.
For the repeated administration of drugs, Alzet miniosmotic pumps (Model 2002, Palo Alto, U.S.A.) were implanted subcutaneously under light ether anaesthesia. Clomipramine was dissolved in 2% Tween and fluoxetine in 50% dimethyl sulphoxide (DMSO) due to the low volume of mini-pumps. Control rats were implanted with pumps filled with the corresponding vehicles. Interindividual variance of weights was corrected by the method of Greenshaw (1986) . Since the animals increased their weights during the treatment (two weeks), the drug doses reported correspond to those expected on the 7th day. Animals (Ortiz et al., 1991a,b) .
High performance liquid chromatography analysis
The 5-HT concentration in platelet-free plasma was determined by high performance liquid chromatography (h.p.l.c.) coupled to electrochemical detection after a butanol/heptane/ HCl extraction procedure (Artigas et al., 1985) . Whole blood 5-HT analysis was carried out as described in Ortiz et al. (1988) . In both cases, bufotenine (N,N-dimethylserotonin) was used as internal standard. Plasma 5-HIAA determination was carried out as described for human blood (Martinez et al., 1983) . Minor modifications of these methods were introduced in order to use smaller volumes of sample. Plasma total tryptophan (TRP) was also analysed by h.p.l.c. and fluorescence detection (280/340 nm). Plasma clomipramine (CIM) levels were monitored by the method of Langerstrdm et al. (1983) , that involves a diethyl ether/HCl extraction from plasma at pH 3.5 and h.p.l.c. -u.v. determination with desipramine as internal standard.
Effect ofparoxetine on the endothelial ['4C]-S-HT uptake The pulmonary removal of ["4C]-5-HT from blood was measured in vivo by a modification of the method described by Catravas & Gillis (1980) . Rats (350-450 g) were pretreated with saline or paroxetine (10mgkg-', i.p., 30min before, n =4 rats/group) and anaesthetized with pentobarbitone (70 mg kg-1, i.p. 
(mg ml-')/mg injected '4C uptake represents the percentage of the total amine injected that was removed by endothelial 5-HT uptake during a single passage through the lungs (Catravas & Gillis, 1980) .
Drugs
The following drugs were kindly provided: clomipramine, imipramine and desipramine (Ciba-Geigy), paroxetine (Beecham), fluoxetine (Eli, Lilly & Co.), fluvoxamine (Duphar), sertraline (Pfizer), alaproclate (Astra) and femoxetine (Ferrosan). The doses used correspond to the free compound. H.p.l.c. standards were from Sigma and the rest of the products were of the highest purity commercially available.
Statistics
The statistical significance of the changes induced by uptake inhibitors was assessed by one-way ANOVA followed by Student-Neuman-Keuls comparisons between the drug and saline groups. The effects of treatments on plasma 5-HT were evaluated by use of non-parametric statistics (Kruskal-Wallis test followed by Mann-Whitney U-test) because of the skewed statistical distribution of the variable in control rats (Ortiz et al., 1991a) . Accordingly, plasma 5-HT is represented in the figures by its median. Statistical significance was set at P <20.05.
Results
Acute effects
Increase ofplasma S-HT by selective high-affinity S-HT uptake inhibitors A single dose of the following drugs (10 mg kg-', i.p., 30 min before blood sampling) increased rat plasma 5-HT (P < 0.05) vs saline-treated rats: fluvoxamine, fluoxetine, alaproclate, paroxetine, sertraline and clomipramine (Table 1 ). In contrast, the increases induced by imipramine, desipramine and femoxetine did not reach statistical significance. Whole blood 5-HT (>99% in platelets; Ortiz et al., 1988) , was not modified in a consistent manner although slight decreases were observed after fluvoxamine, fluoxetine and imipramine.
Plasma 5-HIAA increased significantly after the acute administration of paroxetine ( + 110%), fluoxetine ( + 90%) and sertraline ( + 49%) (P <0.05). More moderate changes were elicited by alaproclate ( + 32%) and imipramine (-16%). Plasma tryptophan was unchanged by these treatments. Drug-effect relationships Different doses of paroxetine were administered to randomized groups of animals (0, 1, 5 or 10 mg kg-', i.p., 30 min before), eliciting dose-dependent increases in plasma 5-HT and 5-HIAA as shown in Figure 1 . Whole blood 5-HT was not modified by such treatments.
The kinetics of the increase of extracellular 5-HT were studied after the administration of clomipramine and paroxetine. Groups of animals treated with a single dose of either drug (10 mg kg-1, i.p.) were killed at different times postadministration: 15 min (only for paroxetine), 30 Effects of sustained uptake inhibition Effects of repeated clomipramine In a first experiment, repeated intraperitoneal administrations of CIM (15 mg kg-' daily for 2, 4, 7, 14 or 21 days, killing 24 h after the last injection) did not modify the concentrations of total tryptophan, 5-HT and 5-HIAA in plasma nor 5-HT in whole blood (data not shown). The lack of effect on whole blood 5-HT was surprising, since lower doses decrease by more than 90% platelet 5-HT in depressive patients (Sarrias et al., 1987) . Given the short half-life of CIM in rat plasma after repeated administration (Friedman & Cooper, 1983) , it is HIAA (Pearson's correlation r = 0.52, P<0.05, n = 34), and a dependence of both variables on CIM levels (r = -0.47 and -0.42 respectively, P <0.05). Multiple regression analysis showed that the correlation between 5-HIAA and CIM was due to that between tryptophan and CIM. Body weight gain during the treatments was lower in the clomipramine groups than in controls (data not shown).
Effects of repeated fluoxetine Repeated administration of fluoxetine was carried out in two experiments, using either mini-osmotic pumps or i.p. injections. Subcutaneously implanted pumps (5 mg fluoxetine kg-' day-' for 14 days, no wash-out) decreased whole blood 5-HT (-36% vs. vehicletreated rats, P <0.05 two-tailed Student's t test) ( Figure 5 ). Plasma 5-HT was unaltered (median control values: 12.2 nM; fluoxetine: 11.6 nM). Neither plasma 5-HIAA nor plasma total tryptophan concentration were significantly changed.
Intraperitoneal injections (5 mg kg-', twice daily for 14 days,
followed by 48 h wash-out) decreased whole blood 5-HT (-59% vs. saline-treated controls, P <0.05 Student's t test). Plasma 5-HIAA was not significantly changed by fluoxetine. Control values were significantly different between both experiments: Lower values were observed in the rats injected i.p. daily (80.4 ± 16.8 nM) than in those with an implanted pump (104.1 ± 13.7 nM; means ± s.d., P<0.05 two-tailed Student's t test). This difference may result from the stress of handling non-habituated animals (pump group) at the time of the experiment. This can moderately increase plasma 5-HIAA probably through activation of 5-hydroxytryptaminergic function (unpublished observations).
Discussion
In recent years it has been shown that an extracellular pool of 5-HT occurs in low nM concentrations in human blood, in addition to the well-known platelet pool (Artigas et al., 1985; Anderson et al., 1987; Ortiz et al., 1988) . When appropriate experimental conditions are used, the 5-HT found in plateletfree plasma is a good estimate of the extracellular pool. Independent changes of the extracellular and platelet pools in man have been reported in pathological conditions and after some pharmacological treatments known to affect the 5-HT system (Sarrias et al., 1987; Cook et al., 1989; Artigas et al., 1989) . In rats, little is known about this extracellular pool of 5-HT. Results from this laboratory show that its concentration is similar to that in man, in spite of the fact that rats contain about ten times more 5-HT than man in the platelet pool per unit of blood volume (Ortiz et al., 1988; 1991a,b) .
The present results indicate that in the rat, the plasma pool of 5-HT (but not the platelet one) is markedly increased after short-term uptake inhibition. This is consistent with the occurrence of high-affinity 5-HT uptake present in the platelets and vascular endothelial cells and perhaps in enterochromaffin cells and their physiological role in removing extracellular 5-HT (Verbeuren, 1989) . The increase of plasma 5-HT was dependent on the dose of the uptake inhibitor (e.g. paroxetine). Also, it followed the evolution of drug plasma levels (clomipramine), which suggests that the turnover of extracellular 5-HT in blood is very rapid.
More marked plasma 5-HT increases were obtained with the new antidepressants which are selective 5-HT uptake inhibitors rather than with the tricyclic drugs. Also, the three drugs having the greatest effect (fluvoxamine, fluoxetine and alaproclate) displayed the same order of potencies as in the synaptosomal [3H]-5-HT uptake inhibition (Wolf & Kuhn, 1991 (Catravas & Gillis, 1980; Bosin & Lahr, 1981; Robinson-White et al., 1981; Lee & Fanburg, 1986) . To examine the contribution of endothelial uptake to the increases of extracellular 5-HT in rats, we tested in vivo the effects of a single dose of paroxetine. Saline-treated animals removed almost 50% of the injected ['4C]-5-HT (8.8 nmol) in a single passage through the lungs. Paroxetine elicited an important reduction (-73%) of the removal of this physiological amount of 5-HT (as ['4C]-5-HT) by the lungs, in parallel with a marked increase of plasma 5-HT (Table 1) . These figures support the view that the endothelial uptake is a very important factor for the control of extracellular 5-HT in blood in vivo, confirming earlier data obtained with rat isolated lungs (Steinberg & Das, 1980) . Also, the present results prove that the rat endothelial removal of 5-HT is sensitive to specific 5-HT uptake inhibitors, such as paroxetine.
Some of the specific 5-HT uptake inhibitors acutely increased plasma 5-HIAA concentration. This is formed by MAO-A in the liver and, after high-affinity 5-HT uptake, in the vascular endothelium (Verbeuren, 1989) . The effects on the plasma 5-HIAA concentration probably derive from a major availability of extracellular 5-HT to the liver, since 5-HT can enter the hepatocytes from portal blood without specific uptake (Wiersma & Roth, 1980) . However, the lack of a significant effect of fluvoxamine, which increased plasma 5-HT maximally, suggests that other factors may be differentially affected by the several drugs used (e.g. effects on the release of 5-HIAA by enterochromaffin cells, renal clearance, etc).
The next step was to examine the effects of repeated administration of 5-HT uptake inhibitors. Clomipramine and fluoxetine were chosen for their wide use in psychiatric practice for the treatment of depression, obsessive-compulsive and panic disorders. Two different repeated treatments with fluoxetine decreased whole blood 5-HT, indicating that the platelet high-affinity 5-HT uptake mechanism was effectively inhibited. Despite the 48 h wash-out used in the i.p. treatment, platelet 5-HT was markedly reduced. The slow metabolism of fluoxetine (Caccia et al., 1990) probably accounts for this. However, plasma 5-HT was not increased as in the acute effects. This indicates the presence of adaptive mechanisms leading to a decrease of the circulating extracellular 5-HT. Repeated fluoxetine treatment does not increase extracellular 5-HT in the frontal cortex of rats (Sarkissian et al., 1990) , perhaps due to a reduction of brain 5-HT turnover (Fuller et al., 1974) . In the periphery, a decreased synthesis by or release from enterochromaffin cells could explain the reduction of 5-HT in the bloodstream after repeated fluoxetine treatment.
Long-term treatment with clomipramine failed to decrease rat whole blood 5-HT, despite achieving a stable plasma CIM concentration (up to 400 nM). In depressive patients, a two-week treatment with CIM (mean plasma levels: 205 nM) elicited a 90% reduction of platelet 5-HT (Sarrias et al., 1987) . Clomipramine, unlike other tricyclic antidepressants, has very potent and long-lasting effects on the [3H]-imipramine binding and [3H]-5-HT uptake in human platelets (Mellerup & Plenge, 1986; Poirier et al., 1984; . However, such long-lasting effects may not occur in rats. Acute CIM increased plasma 5-HT, but this change paralleled closely CIM levels in plasma. Therefore, interspecies differences in the interaction of CIM with the platelet 5-HT uptake transporter in vivo seem likely. Errebo et al. (1991) have studied in detail the drug-carrier interactions in synaptosomal preparations in vitro, revealing drug and species differences of the dissociation times of [3H]-imipramine, [3H]-paroxetine and [3H]-citalopram from the 5-HT transporter. However, the relationship of these differences to the present results is uncertain. In addition, the CIM plasma levels obtained after long-term treatment were higher (up to 2.7 times) than those increasing plasma 5-HT acutely, but no change of this pool was observed. Thus, the triggering of adaptive mechanisms of peripheral 5-HT physiology is likely, as for fluoxetine.
In summary, the present work shows that plasma 5-HT is highly dependent on transient, but not sustained, inhibition of the high-affinity 5-HT uptake. Also, the marked differences in the effects elicited by fluoxetine and clomipramine suggest that their in vivo interaction with the rat platelet 5-HT transporter may be clearly distinct. Therefore, caution should be taken in extrapolating to man the effects of certain uptake inhibitors on the rat high-affinity 5-HT uptake.
